We report on the observation of exchange-spring behavior in complex oxide bilayers composed of high coercivity ferromagnetic (FM) La 0.7 Sr 0.3 CoO 3 (LSCO) and low coercivity FM La 0.7 Sr 0.3 MnO 3 (LSMO). The magnetization process from each individual layer is revealed by a combination of bulk magnetometry and x-ray magnetic circular dichroism measurements. The results show unexpected magnetic switching behavior which deviates from conventional exchange-spring systems in that reversible switching occurs not only within the soft LSMO layer but is also accompanied by the switching of an interfacial LSCO layer. The origin of such exchange coupling is discussed in terms of charge redistribution at the interface. V C 2014 AIP Publishing LLC.
Exchange coupling at ferromagnetic/antiferromagnetic (FM/AFM) and FM/FM interfaces has been widely studied over the past few decades due to their applications in various magnetic technologies such as magnetic read heads and high performance permanent magnets. [1] [2] [3] FM/AFM interfaces have been found to exhibit exchange bias where the AFM layer pins the soft FM layer at the interface and causes a shift in the hysteresis loop along the field direction. This exchange bias phenomenon has been correlated to factors such as the exchange interactions between the FM layer and uncompensated spins in the AFM layer at the interface as well as magnetic anisotropy in the AFM layer. 1 A similar effect has also been observed at interfaces between hard and soft FM layers, where the hard (soft) layer possesses high (low) coercivity and low (high) saturation magnetization. This exchangespring behavior enables the synthesis of high performance permanent magnets with optimized (BH) max product. 4, 5 Furthermore, the unique magnetization processes of the individual layers [6] [7] [8] may have applications in thermally assisted 9 and perpendicular magnetic recording media. 10 Exchange-spring magnets are usually characterized by the fully reversible switching of the soft FM layer below a critical magnetic field. The hard FM layer is often described as rigid with high anisotropy that pins the magnetic moments of the soft FM layer at the interface. Upon field reversal after saturation, the unpinned moments of the soft phase are free to rotate in a twisting fashion towards an antiparallel alignment with the hard layer and return to a parallel alignment upon field removal. 11 This model has been supported by experimental results in Fe/Sm-Co and Co/Sm-Co systems. 6 However, more complicated switching behaviors were suggested in later studies, where concurrent switching of the soft and hard layers was observed even when the field was well below the nucleation field of the hard layer. 7, 12 While most studies on exchange-spring behavior have been focused on metallic FM alloys, perovskite ABO 3 oxides offer several advantages such as their highly tunable properties through the competition between the charge, lattice, spin, and orbital degrees of freedom, 13 16 In addition, exchange-spring-like behavior in La 0.67 Sr 0.33 MnO 3 /SrRuO 3 bilayers showed an antiparallel coupling between the hard and soft layers. 17 It was suggested that this phenomenon was due to electronic reconstruction at the interface via charge transfer that resulted in a change of the Mn-O-Ru bond angle. 17, 18 Here, we report the direct observation of exchange-spring behavior in epitaxial (6 nm) LSMO/(6 nm)La 0.7 Sr 0.3 CoO 3 (LSCO) bilayers, where LSMO is a soft FM material with a coercive field of around 0.002 T and LSCO is a hard FM material with a coercive field of $0.6 T. 19, 20 This isostructural system provides structural continuity across the interface consisting of MnO 6 octahedra stacked epitaxially on top of CoO 6 octahedra. The FM exchange interactions of these perovskites (ABO 3 , B: transition metal element) are mediated by the FM superexchange or the double-exchange mechanisms through B-O-B networks. 21 Previously, a strong exchange interaction was observed in (10 unit cell) LSMO/(10 unit cell) LSCO superlattices with a high density of interfaces and thin individual layers, 19 which leads to magnetic switching of the two components as a single unit. The current study on bilayers provides a more detailed examination of a single LSMO/LSCO interface with larger layer thicknesses. Here, the magnetization process is studied using a combination of bulk magnetometry and x-ray magnetic circular dichroism (XMCD) spectroscopy. XMCD provides element-specific magnetic characterization that allows us to probe the magnetization processes in the soft and hard layers independently rather than inferring their behavior from bulk magnetometry.
LSMO/LSCO bilayers were grown on (001)-oriented (LaAlO 3 ) 0.3 (Sr 2 AlTaO 6 ) 0.7 (LSAT) substrates with LSCO as the bottom layer by pulsed laser deposition using a KrF excimer laser (248 nm wavelength). During growth, the substrate temperature was held at 700 C and the oxygen pressure was 0.3 Torr. Laser energies of 0.8 J/cm 2 and 1.0 J/cm 2 were used for the LSMO and LSCO layers, respectively. To assure the proper oxygen stoichiometry, the samples were cooled in 300 Torr oxygen pressure. Single layer LSMO and LSCO films on LSAT were also grown as references. Structural characterization was performed by x-ray diffraction using a Bruker D8 Discover 4-circle diffractometer, and resonant x-ray reflectivity (XRR) measurements were carried out at BL 2-1 of the Stanford Synchrotron Radiation Lightsource (SSRL). The resonant XRR measurements were performed at 8000 eV and at energies near the Mn K edge and Co K edge, where the x-ray fluorescence from the sample just began to rise rapidly, 6556 eV and 7727 eV, respectively. 22 The layer thickness, density, and roughness were determined by fitting the XRR spectra using the Bruker Leptos software. 23 Bulk magnetization was studied using a Quantum Design superconducting quantum interference device (SQUID) magnetometer with the magnetic field applied along the in-plane [100] substrate direction. X-ray absorption (XA) and XMCD spectra were acquired on beamlines 6.3.1 and 4.0.2 of the Advanced Light Source (ALS) in total-electron-yield mode. The applied magnetic field direction was collinear with the x-ray beam that impinged on the sample surface at 60 to the surface normal. All magnetic measurements were carried out at 80 K.
Resonant XRR spectra and the reciprocal space map (RSM) around the (103) reflections of the substrate and films are shown in Figure 1 . Clear Kiessig fringes from finite thickness effects are resolved in the three resonant XRR curves and x-2h scans around the (002) reflections (not shown) confirm the high crystallinity of the bilayers with smooth surfaces and interfaces. Energy-dependent differences in resonant XRR curves are indicated by arrows in Figure 1 and detailed structural parameters from XRR fitting are tabulated in Table I . For the fitting of XRR spectra, a sample model based on stacking of single layers with abrupt interfaces was used. The cost function listed in Table I is a measure of the logarithmic difference between each experimental and simulated data point and is used as our metric for goodness of fit. 23 The outof-plane lattice parameters for the LSMO and LSCO layers determined from (002) scans are 0.3892 nm and 0.3802 nm, respectively. RSMs from all four variants of the {103} family of reflections show that the film and substrate peaks are aligned vertically along the (h00) axis with the same relative positions, indicating full epitaxial growth relative to the substrate with 0.6% tensile strain and À1.7% compressive strain for LSMO and LSCO, layers respectively. To probe the exchange-spring behavior within the soft LSMO layer, the samples were biased to either þ1.4 T or À1.4 T (to align the hard LSCO layer) and minor hysteresis loops were measured between 60.4 T (i.e., below the transition field for the LSCO layer). The data from the SQUID major loop have been included as open symbols for comparison. As can be seen in Figure 2(b) , the minor loops follow the trace of the major loop with horizontal and vertical shifts along the field and magnetization axes, respectively, depending on the biasing condition. The vertical shift of the minor loops can be attributed to a portion of the bilayer magnetization which remained fixed along the direction of the biasing field and was not affected by the sweeping field. The lateral shift of the minor loops was always in the opposite direction of the biasing field. This shift can be attributed to magnetic moments that are fixed and do not follow the external field up to þ/À0.4 T. It is generally believed that for exchangespring systems, the switching behavior of the soft layer is fully reversible with fields below the transition field of the hard layer. 11 The minor loops in Figure 2 (b) are hysteretic and asymmetric. They also require a field of þ0.15 T (À0.15 T) to reach magnetic saturation after biasing at positive (negative) field direction, implying more complicated switching behavior including a component of irreversible switching.
To fully resolve the magnetization process of the individual layers, XMCD hysteresis loops (Figs. 2(c) and 2(d)) were acquired by tuning the x-ray energy to the maximum XMCD signal at either the Mn or the Co L 3 -edge and sweeping the field. The Mn XMCD minor loops were measured with the same biasing conditions as in the SQUID minor loops, while the Co XMCD loop was measured up to þ/À1.4 T corresponding to the SQUID major loop. The coercivities from the Mn and Co XMCD loops match well with the two transition fields from the SQUID major loop. The Mn loops show biasing along the field axis with the same magnitude as the SQUID minor loops, which confirms the exchange coupling between the LSMO and LSCO layers. However, a much more pronounced hysteresis is observed in the Mn XMCD loops compared to the SQUID minor loops, indicating that irreversible switching of the soft LSMO layer is involved upon field reversal, unlike the case for exchangespring system based on FM metals. In addition, the XMCD loops show smaller asymptotic behavior and reach magnetic saturation at a lower field (0.1 T) compared to the SQUID minor loops. We note that SQUID magnetometry measures the total magnetization of the sample, i.e., the contributions of both layers. The Co XMCD loop shows an initial sharp drop in XMCD magnitude at the transition field of the LSMO layer ($0.002 T), it then reaches a plateau, and reverses completely at $1 T. The combination of SQUID minor and Mn XMCD loops suggests that the LSCO layer magnetization contributes to the minor loops to some extent. In other words, an interfacial portion of the LSCO layer rotates with the LSMO layer at small fields. The remainder of the LSCO layer requires a much larger field to switch directions.
The switching observed here deviates from the simple model that assumes a perfect rigid structure of the hard layer and reversible magnetization of the soft layer. It is generally believed that the soft layer moments rotate away from the hard layer with a reverse field and create a twisted structure along the thickness direction with an increasing rotation angle as the distance away from the interface increases. Fullerton et al. suggested that in the Sm-Co/Fe and Sm-Co/ Co systems, a Bloch-like domain wall was formed in the plane parallel to the film surface and propagated from the soft layer into the hard as the reversal field increases. 6 In the case of the LSMO/LSCO bilayer, our results suggest that a Bloch-like domain wall propagates into an interfacial LSCO layer at a small field ($0.002 T) separating it from the rigid part of the LSCO layer. Due to the finite probe depth of XMCD measurements (4 nm-10 nm), 26 the thickness of the interfacial LSCO layer can be estimated to be 1-2 unit cells based on the ratio (1/6th) of the initial magnetization drop of the Co XMCD loop to the total XMCD signal.
Previous reports have shown that interface roughness and electronic reconstruction via charge transfer both play significant roles in interfacial phenomena such as exchange coupling. 17, 27 Interface roughness induced FM coupling, commonly known as "orange peel" coupling, is usually observed when the interface roughness exceeds 0.5 nm. 28, 29 In this work, the bilayer sample shows an interface roughness value below 0.3 nm from XRR measurements so that "orange peel" coupling is believed to be negligible. Deviations from the bulk chemical structure were examined by XA spectroscopy at the Co and Mn L 2,3 edges (Figure 3 ). For comparison, XA spectra from single layer LSMO and LSCO films grown on LSAT substrates are also shown. Subtle differences in the XA spectra suggest changes in the Co and Mn valence states in the bilayer compared to the single layer films. The Mn L 3 peak for the bilayer (Fig. 3(a) ) displays a shoulder feature 2.2 eV below the main peak, while the feature 1.6 eV below the main peak is less pronounced than in the single layer LSMO film. This feature is ascribed to an increase in Mn 4þ concentration in the bilayer. 30 Subtle differences in the Co L 3 edge spectra can also be identified with a smaller A/B peak intensity ratio at the Co L 2 edge in the bilayer compared to the single layer LSCO film.
To provide a more quantitative analysis, the spectra from single layer films were rescaled and subtracted from the Mn and Co spectra of the bilayer. With scaling factors of 60% for Mn and 80% for Co, the calculated differences are shown in the bottom panels of Figure 3 . The Mn difference curve strongly resembles the spectrum of octahedrally coordinated Mn 4þ (e.g., Mn in SrMnO 3 ) with a prominent shoulder feature at $1.7 eV below the main L 3 peak. 31 The Co difference curve shows more multiplet structures on the L 3 edge, and the overall line profile matches well with that of Co 2þ in a similar octahedral bonding environment (e.g., as in CoFe 2 O 4 ). 32 These results indicate an increase in Mn 4þ concentration and the presence of Co 2þ in the bilayer. We 37 could exist as well. The wide spectrum of magnetic interactions at the interface favors a stronger exchange coupling of the interfacial LSCO layer to the LSMO layer than to the rigid part of LSCO layer. Therefore, the interfacial LSCO layer starts reversal with the LSMO layer at a much lower reversal field than the rigid part of the LSCO layer. The estimated thickness of this interface layer, i.e., 1-2 unit cells, matches reasonably well with the characteristic length scale of the charge transfer process, which is typically found to be a few unit cells in other perovskite systems such as SrTiO 3 / LaTiO 3 and LaMnO 3 /SrMnO 3 . 38, 39 In conclusion, we report the observation of exchangespring behavior in LSMO/LSCO bilayer thin films. The exchange coupling between LSCO and LSMO results in a biased minor hysteresis loop. The XMCD measurements show unexpected concurrent switching of the soft LSMO and an interface LSCO layer at fields that are well below the transition field of the hard LSCO layer. We propose a charge transfer scenario between Co and Mn ions at the interface that results in altered magnetic interactions. These results highlight the unique tunability of magnetic properties in complex oxide systems through indirect exchange interactions between transition metal ions that hold multiple valence/spin states, which are not commonly found in FM metal systems. 
